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1. Introduction
Chromatin consists of the DNA and all proteins involved in organizing and regulating DNA
structure. The building block of chromatin is the nucleosome, which is composed of 146 base
pairs of DNA and a core histone octamer. The core histone oactomer is composed of two
heterodimers of histone H2A and histone H2B and a tetramer of histone H3 and histone H4
[1]. The overall chromatin structure is very dynamic in response to diverse biological events.
Regulation of chromatin structure is achieved by two major mechanisms. The first is post‐
translational modification (PTM) of histones and other chromatin proteins via phosphoryla‐
tion, methylation, acetylation, ubiquitination and sumoylation [2, 3]. The second is through
ATP-dependent nucleosome structure alteration. Cooperation between histone PTMs and
chromatin remodelers allows chromatin remodeling to regulate diverse biological events
including transcription, chromosome segregation, DNA replication, and DNA repair. In this
chapter, we summarize how chromatin structure is regulated during DNA damage response
(DDR), focusing particularly on three PTMs: phosphorylation, Poly(ADP-ribosyl)ation
(PARylation) and sumoylation. We discuss the DDR in a highly compacted chromatic
structure, heterochromatin, as well as the interplay between chromatin remodeling, DNA
damage and human aging.
2. DNA damage response
2.1. Sources leading to DNA damage
In order to maintain DNA fidelity, cells must overcome multiple challenges that threaten
genome stability. Cues cause DNA damages can be divided into spontaneous and environ‐
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ment-induced. Spontaneous DNA damages are usually caused by intracellular metabolism
stress, or formed during genetically programmed processes such as V (variable), D (diversity),
and J (joining) (V(D)J) recombination in developing vertebrate lymphocytes or meiotic
recombination in germ cells [4, 5]. The major types of damage include aberrant conformations
of DNA, chemical instability of DNA, free radicals of oxygen, endogenous mutagens and errors
in DNA replications [6]. Environmental DNA damages generally refer to exposure of cells to
various genotoxic agents. These agents contain both physical factors, such as ultraviolet (UV),
visible light and ionizing radiation; as well as chemical factors, such as alkylating agents,
benzopyrene, aflatoxins and cis-Platinum. These DNA damages can lead to single base
mutation or more deleterious chromosomal lesion.
2.2. DDR pathway
To maintain genome stability, cells have developed a global signaling network, known as the
DNA damage response (DDR), to sense different types of genotoxic stress, to modulate cell
cycle transitions and transcriptional process, and to stimulate DNA repair. Mechanistically,
proteins involved in the DDR signaling network can be grouped into three major classes: 1)
Sensors, acting at the upstream of DDR by recognizing the DNA damage and initiating DDR;
2) Transducers, proteins that pass and amplify DNA damage signals to downstream effectors.
Notably, among diverse transducers, ATM (Ataxia Telangiectasia Mutated) and ATR (ATM
and Rad3 Related) are central to the entire DDR; 3) Effector, proteins determine the physio‐
logical outcome of DNA damage response. Depending on the context of DNA damage,
effectors can regulate cell cycle, transcription or cell apoptosis. Nevertheless, we need to point
out that although DDR is often referred to as a signaling pathway, it is more accurately
described as a network of interacting pathways that coordinate the damage response.
2.3. DNA damage repair
The various types of DNA damage include aberrant base or nucleotide modifications, single
strand DNA (ssDNA) breaks, and chromosomal lesions caused by double strand breaks
(DSBs). Among these, DSBs are regarded as the most cytotoxic. If left unrepaired, DSBs will
affect genome integrity by causing mutations, chromosome deletions or translocations,
because there is no intact complimentary template to repair the damaged strand. In this
chapter, we will use DSBs as a model lesion.
DSBs can be repaired by two principle mechanisms, the non-homologous end joining (NHEJ)
and homologous recombination (HR) [7]. These two pathways differ in their functional
enzymes, the repair efficiency and also the cell cycle phases where they are active (Figure 1).
Molecular Basis of NHEJ. In the process of NHEJ, DSBs are repaired by direct ligation of the
exposed ends regardless of their DNA sequences. Enzymes involved specifically in NHEJ
capture both ends of the broken DNA molecule, bringing them together to form a DNA-protein
complex to repair the break. Therefore NHEJ is a very efficient but error-prone way to repair
damaged DNA, and it occurs in all phases of the cell cycle [8]. In NHEJ pathway, the Ku70/80
heterodimer initiates NHEJ by binding to both ends of the broken DNA molecule, which
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creates a scaffold for the assembly of other NHEJ enzymes. After association of Ku70/80, the
DNA-dependent protein kinase catalytic subunit (DNA-PKcs) is recruited to the DSB, forming
a synaptic complex that brings the broken DNA ends together. Once the DNA ends have been
captured and tethered, non-ligatable DNA termini must be processed (single strand fill in) or
removed by nucleases and polymerases. Lastly, the processed DNA ends are joint by ligase
IV/XRCC4 complex [9]. It was demonstrated that in higher eukaryotes, and especially in
mammals, NHEJ is the preferred pathway for DNA DSB repair [10].
Molecular Basis of HR. HR is an error-free, template-dependent strategy to repair DNA DSBs.
It occurs during the S and G2 phases, when the sister chromatids are more easily available [11].
The key reactions in HR are homology search and DNA strand invasion, which are catalyzed
by the RecA homolog Rad51 [12]. Principally, HR can be divided into three steps: 1) Presy‐
napsis. During this process, DSB ends are recognized and processed to a single-stranded tail
with a 3’-OH ending. This ssDNA is then bound by the eukaryotic ssDNA binding protein
RPA (replication protein A). 2) Synapsis. With aid of cofactors, such as Rad 52 and Rad 55-57
complexes [13, 14], Rad51 binds to RPA-coated ssDNA, forming Rad51-DNA filament. After
this, DNA strand invasion by the Rad51-ssDNA filament generates a D-loop intermediate. 3)
Postsynapsis. In DSBs repair, both ends of the DSB are engaged, leading to double Holliday
junction formation. Finally, following the actions of polymerases, nucleases and helicases,
DNA ligation and substrate resolution occur.
How cells choose between NHEJ or HR to repair the DSBs is unclear. As mentioned above,
HR is initiated by ssDNA resection and requires sequence homology, but NHEJ requires
neither resection at initiation nor a homologous template. Thus, resection appears to be a
pivotal step in DSB repair initiation that determines whether HR or NHEJ occurs. However,
an alternative end-joining (A-EJ) pathway, which is also initiated by ssDNA resection but does
not require a homologous partner, was recently identified. It is proposed that the presence of
ssDNA resection will determine the selection among canonical NHEJ, A-EJ or HR; the size of
the resection, which is associated with the cell cycle phase, will then direct the DSB repair to
either HR or A-EJ [15].
3. Chromatin remodeling during DNA damage
In 1998, functions of phosphorylation at the Serine139 residue of a histone variant, H2AX,
were first  discovered in DDR [16].  Since then,  extensive studies regarding how chroma‐
tin alters its structures in response of DNA damage were made. It is now recognized that
small DNA lesion can lead to global chromatin remodeling, with changes including histone
modifications,  nucleosome  positioning  and  higher-order  folding  of  the  chromatin  fiber.
Furthermore, if the DDR-induced chromatin remodeling is not properly restored, then the
epigenetic changes can be heritable and contribute to terminal cell fate, such as transforma‐
tion, cell senescence and cell apoptosis [17, 18]. In this part, we will discuss recent progress
made about chromatin structures regulations in the detecting and repairing process of DNA
damage.  Specifically,  we  will  focus  on  H2AX  phosphorylation  regulation,  Poly  (ADP-
ribosyl)ation, and sumoylation in DDR.
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3.1. H2AX phosphorylation
One of the key events that initiates DDR is phosphorylation at the Ser139 of histone H2AX, a
chromatin-bound histone variant compromising up to 25% of the H2A [16]. This phosphory‐
lation process is catalyzed by the master regulator of DDR, ATM and ATR. Phosphorylation
of H2AX at Ser139 is very rapid and this phosphorylated H2AX (γH2AX) serves as a platform,
directly recruiting Mdc1 (mediator of DNA-damage checkpoint 1), and additional factors such
as 53BP1, RNF8, and the BRCA1A complex to affected sites [19].
Although γH2AX is a well-recognized marker for DNA damage, its precise role in chromatin
remodeling is only just becoming clear. It was recently found that phosphorylation at a tyrosine
site, Tyr142, plays a pivotal role in regulating H2AX functions in DDR [20]. Basal phosphor‐
ylation of H2AX at Tyr142 was carried out by WSTF (Williams syndrome transcription factor),
a component of the WICH ATP-dependent chromatin remodeling complex [20]. At the early
stage of DDR (<1hr), inhibition of phosphorylation at Tyr142 by knocking down WICH did
not affect γH2AX foci formation, but during the later recovery stages, γH2AX foci was greatly
reduced[20]. So it seems that in the absence of Tyr142 phosphorylation, the kinetics of the
phosphorylation/dephosphorylation cycle of γ-H2AX may be altered. Following this finding,
the phosphatase EYA (eye absent) responsible for dephosphorylating H2AX at Tyr142 was
identified [21]. Dephosphorylation of Tyr142 was suggested to be a prerequisite for γH2AX to
be recognized by damage repair proteins. When persistent phosphorylation at Tyr142 happens
during DNA damage, MDC1-dependent binding of DNA repair factors is inhibited, but
recruitment of pro-apoptotic factors, such as JNK1, is promoted [21]. A more recent study
demonstrated that the doubly phosphorylated H2AX interact with Microcephalin (MCPH1),
an early DNA damage response protein [22]. Although the exact functions of such interaction
is still unknown, we speculate that the precise regulation of γH2AX will be an area of great
potential for future DNA damage studies.
3.2. Poly(ADP-ribosyl)ation
In addition to H2AX-dependent recruitment, several additional pathways have also been
shown to direct the recruitment of various proteins to DNA lesion. Poly(ADP-ribosyl)ation
(PARylation) is one of the early events in DDR [2]. Poly(ADP-ribose) polymerases-1 (PARP-1),
the founding member of PARP family, sense DNA break through its zinc-finger domain.
Structural studies also showed that engaging into the damaged DNA causes PARP-1 confor‐
mation change and increases the dynamics of its catalytic domain [23]. In this way, the
occurrence of a DNA break is immediately translated into a posttranslational modification of
histones H1 and H2B leading to chromatin structure change [24]. Two waves of accumulation
of PARP-1 were observed in living cells. The initial recruitment of PARP-1 activates and locates
poly(ADP-ribose) synthesis, which in turn generates binding sites for a second wave of PARP-1
recruitment and other DDR proteins [25]. Recently, it was found that polycomb group (PcG)
members and nucleosome remodeling and deacetylase (NuRD) complex are recruited by
PARP-1 and -2 to DNA lesions [26]. Both PcG and NuRD are negative regulators of gene
transcription, and indeed, rapid loss of nascent RNA and elongating RNA polymerase were
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observed at DNA damage sites. This finding suggests that part of PARP’s regulatory role in
DDR involves repression of transcription.
3.3. Sumoylation
Sumoylation, the covalent attachment of the small proteins known as SUMO (small ubiquitin
modifier) to protein substrate, is a very dynamic and reversible PTM [27]. Compared to
ubiquitination, knowledge about sumoylation in DDR is relative rudimentary. In 2009, two
papers demonstrated the importance of this ubiquitin-like protein modification in DDR [28,
29]. A series of immunofluorescence and live-cell image experiments showed that components
in the sumoylation pathway, including enzymes E1 (SAE1), E2 (Ubc9), two of the diverse E3
enzymes (PIAS1 and PIAS4) and the conjugates SUMO1, 2 and 3, are rapidly recruited to DNA
damage sites. Functionally, sumoylation of BRCA1 is necessary for its ubiquitin ligase activity.
While association of 53BP1, BRCA1 and RNF168 with the DNA damage sites requires accu‐
mulation of PIAS1 and PIAS4 to the damaged sites [29].
Several more studies have further revealed that sumoylation and ubiquitination signaling
pathways are integrated in the cellular response to DNA damage. For example, two groups
showed that the human RNF4, a SUMO-targeted ubiquitin E3 ligase, was recruited to DSBs
depending on its SUMO interacting motifs [30, 31] Depletion of RNF4 impairs ubiquitin adduct
formation at DSB sites, causes persistent histone H2AX phosphorylation [30] and affects the
clearance of 53BP1, RNF8, and RNF168 from DNA damage foci [31]. It is proposed that through
physical interaction with the SUMO moiety, RNF4 promotes DNA repair by mediating
ubiquitylation of sumoylated DDR components at sites of DNA damage.
The role of sumoylation in DNA repair is emphasized by modification of the RPA (replication
protein A) complex [32]. RPA was found to physically associate with a SUMO specific protease,
SENP6, to maintain its desumoylation status in normal conditions [32]. Under DNA damage,
such as those caused by campothecin or IR, the 70 kD subunit of RPA is sumoylated, which in
turn recruits Rad51 to DNA lesions, initiating DNA repair through HR. In addition to the
specific study of RPA, a recent study in yeast identified a large group of proteins participating
in DNA repair and undergoing sumoylation. They showed that defective sumoylation results
in failure to complete replication of a damaged genome and impaired DNA end processing,
highlighting the importance of sumoylation in maintaining genome stability [33].
4. DNA damage processed in heterochromatin
4.1. The heterochromatin feature
Chromatin can be divided into euchromatin and heterochromatin, on the basis of differential
compaction at interphase. Euchromatin is loosely compacted, more accessible to transcrip‐
tional machinery and thus usually actively transcribed. Heterochromatin is typically densely
packed, and was previously thought to be inaccessible to the transcription components [34].
Molecularly, heterochromatin is featured with specific histone modifications, such as di- or
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tri-methylation of histone H3 at lysine 9, and the subsequent recruitment of chromatin
association protein such as heterochromatin protein1 (Hp1) [35]. Heterochromatin can be
further divided into two groups. First is the constitutive heterochromatin, which contains a
high density of repetitive DNA elements, such as satellite sequences and transposable
elements. They remain condensed throughout the cell cycle. A second group is facultative
heterochromatin, which is dynamic chromosomal loci, condensation of which is regulated by
cellular and environmental signals [36].
4.2. The functions of heterochromatin
The major function of heterochromatin is to repress transcription and recombination of the
embedded repetitive DNA sequences. Disruption of heterochromatin increases the occurrence
of spontaneous DSBs, leads to the expansion of DNA repeat arrays, and is correlated with
chromosomal defects, such as translocations and loss of heterozygosity [37]. Mechanistically,
methylated H3 at Lysine9 (H3K9me) and the chromatin-bound Hp1 serve as a platform,
recruiting various proteins to maintain the highly compact feature of heterochromatin. For
example, the HDAC Clr3 is recruited to heterochromatic domains by the yeast Hp1 homolog
Swi6. Deacytylation by Clr3 stabilizes H3 tri-methylation, increase chromatin condensation
and precludes access of Polymerase II [38]. In addition to physically preventing the access of
transcription machinery, heterochromatin structure also promotes the post-transcriptional
silencing of repetitive sequences. This function is achieved by preferentially targeting the RNA
interference components, such as RITS (RNA-induced transcriptional gene silencing) and
RDRC (RNA-directed RNA polymerase complex) through H3K9me and Hp1 [39] [40, 41]. On
the other side, the recruited RNAi machinery can also contribute to the heterochromatic
architecture. In mammalian and drosophila cells, Hp1 shows RNA binding activity, which is
required for assembling of condensed chromatin [42, 43]. It is proposed that the RNA derived
from repetitive DNA sequence might function as a glue to promote folding or clustering of
dispersed heterochromatic loci [36, 41].
4.3. Detection of DSBs in heterochromatin: focusing on γH2A foci
With the realization of heterochromatin structure and functions, the question is how DNA
damages in heterochromatin are detected and repaired. In the following sections, we will
discuss the recent understanding about these issues.
Abundant reports suggest that heterochromatin is refractory to γH2A foci formation upon
ionizing radiation [44-46]. However, it remains to be determined whether this phenomenon is
due to inaccessible to phosphorylation of H2AX, or heterochromatin is more resistant to DNA
damage. Particularly, following DNA damage, chromatin in the vicinity of damaged sites are
rapidly de-condensed, which makes the idea that γH2A foci is absent in highly packed
chromatin a topic of debate [46-48]. On the other side, a recent study utilizing fluorescence in
situ hybridization found that the high amount of proteins bound to heterochromatin, including
Hp1, acts as a protective layer that prevents access to the DNA. Therefore, it seems that
heterochromatin may internally act as an isolator to inhibit DNA damage [49].
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However, those thoughts were revisited by a recent study conducted in drosophila cells. In
2011, Chiolo et al. demonstrated that γH2A foci can be formed in heterochromatin upon DSBs
[50]. Through a serious of live-cell images and immunofluorescence studies, they found that
DSBs and γH2A foci were absent at later time points of IR-induced DSBs (>60 mins post IR),
which is consistent with previous studies. However, at earlier time points of IR treatment (<10
min), both γH2Ax and ATRIP foci can be observed in heterochromatin, with a level equal to
that of non-heterochromatic sites. This study suggests that a complete DDR can occur within
heterochromatin (Figure 2A).
4.4. DSBs repair in heterochromatin
The next question is how cell repairs the DSBs in heterochromatin. Two issues are raised when
considering repair of DNA lesions in heterochromatin. The first is that chromatin compaction
in heterochromatin might restrict the access of DDR proteins to damaged sites. Indeed, it was
found that DSB repair occurs with slower kinetics and is less effective in heterochromatin [51].
Furthermore, a delay in repair of heterochromatic DSBs was observed in human cells [52]. To
overcome the challenge given by tightly compacted chromatin, it was found that the cell can
employ the ATM signaling pathway to relax chromatin [51]. Goodarzi et al. found that ATM
signaling was specifically required for DSBs repair within heterochromatin, by phosphorylat‐
ing a transcription repressor, KAP1 (KRAB-associated protein1). KAP1 induces transcriptional
repression and chromatin condensation through recruitment of Hp1 [53] and Mi2α [54]. In the
absence of ATM, association of KAP1 to chromatin was increased, suggesting phosphorylation
by ATM decreases the affinity of KAP1 for chromatin, which in turn reduces chromatin
condensation [51].
The second issue regarding repair of DSBs in heterochromatin is whether NHEJ or HR pathway
occurs. In the presence of the closely clustered repeats, HR might produce dicentric and
acentric chromosomes, which are known to contribute to human diseases such as cancer and
infertility [55]. In this sense, it would be very risky for cells to choose HR to repair the DSBs,
since this may lead to abnormal genome rearrangements. In other words, NHEJ repair seems
less problematic because small deletions or mutations generally do not affect the function of
tandem repeats as severely as genes. However, reports form Chiolo et al. demonstrated that
DSBs occuring in heterochromatin are repaired by HR, but the underlying mechanism is
distinct from euchromatin [50] (Figure 2A). The most prominent difference is the exclusion of
Rad51, which mediates strand invasion, from the DSBs in the heterochromatic domain.
Exclusion of Rad51 is achieved by protrusion of heterochromatin, which facilitates DSBs
relocalization to the Hp1α periphery. The movement of the DSBs from inside to outside of
heterochromatin depends on checkpoint proteins, such as ATR and resection proteins.
Furthermore, relocalization of heterochromatic DSBs is blocked by the Smc5/6 SUMO ligase
complex, the yeast homolog of which is required to prevent recombinational repair within the
repetitive rDNA locus [56]. It is proposed that Smc5/6 could catalyze sumoylation of one or
more components of the recombination machinery and block further assembly of the HR
machinery [57].
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Together, multiple mechanisms exist to guarantee proper DDR in heterochromatin to repair
the damaged DNA without compromising genome stability. With improvements in live-cell
imaging, we speculate that more details, like the process of DNA damage-induced hetero‐
chromatin expansion and reunion of the repaired heterochromatic region, will be revealed.
5. Human aging and chromatin remodeling
Aging is a complex process that has been long thought to be a consequence of unprogrammed
deleterious events and accumulation of random gene mutation. However, with extensive
studies in yeast, worm and mouse, and with the research in premature human aging disease,
novel insights have been gained into the molecular mechanisms underlying aging. In this
section, we will focus on recent understanding about the contributions that chromatin defects
and DNA damage have on human aging.
5.1. Heterochromatin defects in human aging
Through studying the premature aging disorder Hutchinson–Gilford Progeria Syndrome
(HGPS), the molecular mechanisms leading to chromatin defects in aging are being uncovered.
HGPS is an extremely rare genetic disease caused by a point mutation in the LMNA gene,
which encodes the major structural protein Lamin A in the nuclear envelope [58]. LMNA
mutation leads to abnormal splicing defects and consequent production of a truncated form
of lamin A protein, referred to as progerin [59, 60]. Notably, in healthy individuals, the same
splice site in lamin A was used to cause age-related nuclear defects [61], suggesting conserved
mechanism might be shared by both premature and physical human aging process.
One hallmark of human aging, and also in the aging process of other species, is global change
in chromatin structure [62, 63].Particularly, loss of heterochromatin structure, loss of hetero‐
chromatin proteins and altered patterns of histone modifications, such as decreased H3K9me3,
are found in both physiological and premature aging [61, 64-67]. Furthermore, more open
chromatin structure, as indicated by tri-methylation at histone3 lysine4, is implicated in shorter
lifespan in worm [68, 69].
5.2. Molecular mechanisms underlying heterochromatin loss and aging
The above evidence suggests that heterochromatin maintenance is critical for longevity. Now
the question is how such densely compacted chromatin structure regulates human aging.
Unfortunately, due to the complex nature of the aging process and hence experimentally
intractability, it is hard to find a direct causal-effect relationship. But recent studies do shed
light on the heterochromatic sequence transcription and human aging. Shumaker et al found
that associated with the down-regulation of H3K9me3, the satellite III repeat transcripts, which
is locating in the pericentric heterochromatin, were up-regulated. This up-regulation seems to
be sequence-specific since transcription of other group of pericentric repeat, such as α satellite,
was not altered [66]. Interestingly, Larson et al. reported that during Drosophila aging, loss of
heterochromatin leads to an increased transcription of ribosomal DNA [67]. This rDNA locus
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contains exceeded ribosomal genes and usually only 10% of them are transcribed [70]. How
abnormal transcription of heterochromatic sequences regulate aging is currently unknown.
But it is proposed that loss of heterochromatic repeat silencing may affect gene expression
patterns and hence affect the integrity of the transcriptome. It is also intriguing to link the
heterochromatin status, ribosomal RNA synthesis and aging by taking energy metabolism into
account. That is, ribosomal RNA transcription is a rate-limiting step in protein synthesis,
increased RNA transcription would promote growth and accelerate aging [71, 72]
5.3. DNA damage and human aging
Persistent DNA damage is another hallmark in human aging. Most human premature aging
syndromes are caused by various types of DNA damage, and in particular, DSBs [73, 74]. There
is no doubt that chromatin defects and DNA damage are major contributors to human aging.
The question is which one comes first? Do the DNA damage and the DDR lead to chromatin
defects and thus human aging? Or it is that loss of chromatin structure makes the cell more
susceptible to DNA damage, increases genome instability, and therefore promotes human
aging? Observations made by Pegoraro et al. support that chromatin defects occur prior to
DNA damage [75]. They identified that NURD, a protein complex involved in establishment
of heterochromatin [76], is a key modulator in aging-associated chromatin defects. Knocking
down a subunit of NURD complex lead to aberrant chromatin structure (indicated by loss of
H3K9me3 foci) about 50 h earlier than DNA damage (indicated by existence of γH2AX foci).
This observation suggests that epigenetic and chromatin structure changes are in the upstream
of DNA damage events.
How could aberrant chromatin structure cause DNA damage and thus human aging? There
might be two mechanisms. 1) The heterochromatic sequences are highly repetitive. Loss of
chromatin condensation can leads to abnormal recombination of such sequence and thus
genome rearrangement; 2) Heterochromatin confirmation can protect DNA from various
insults and repair the damaged lesion with specific mechanisms, as mentioned above.
The next question is how DNA damage leads to human aging? Numerous studies showed that
DNA damage and mutations accumulate in human aging. In aged human cells, cytogenetically
visible lesions such as translocations, insertions, dicentrics, and acentric fragments are
frequently detected [77]. Several signaling pathways linking DNA damage and aging are also
proposed, such as the ATM-p53 axis [77] and the BRCA1 dependent aging process
[78].However, in addition to being a driver in the accumulation of mutation, recent reports
imply that DNA damage-induced RNA transcription change might be a novel mechanism
leading human aging. The involvement of RNA processing components in DNA repair
strengthens the role of DNA damage in global gene expression changes. For example, a
proteomic screen for mediators of DDR showed that enrichment for RNA processing factors,
such as splicing-regulator phosphatase PPM1G [79]. Furthermore, the deregulation of gene
expression induced by DNA damage resembles increased transcription heterogeneity seen in
aged heart tissue [80]. Specifically, Francia et al. found that small RNA produced by DICER
and DROSHA, two RNases type III enzymes that process non-coding RNA [81], are required
to activate DDR and efficiently repair DNA at the damaged sites [82]. The DICER- and
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DROSHA-dependent small RNA products have the sequence of the damaged locus, and can
restore DDR in RNase-treated cells [82]. Intriguingly, these DNA damage-induced RNA can
regulate cellular senescence in cultured human and mouse cells, and in living zebrafish larvae
[82]. Genetic ablation of DICER has been reported to cause premature senescence in both
developing and adult mice [83]. Do the DICER- and DROSHA-dependent, DNA damaged-
induced RNAs affect heterochromatin structure and thus regulating cell senescence and
human aging? Although the methylation status of H3K9 did not alter with DICER or DROSHA
knockdown [82], it is still interesting to check if other heterochromatic proteins, such as Hp1,
which has RNA binding activity, could be affected (Figure 2). Furthermore, does the site-
specific RNA production have any role in the dynamic movement of heterochromatic domain
during DNA damage, for example, the protrusion of heterochromatin? Answering these
questions will be important to gain a comprehensive understanding of the interplay between
chromatin structure and RNA transcription during DDR.
Figure 1. In NHEJ, the heterodimer Ku70/80 interacts with the end of damaged DNA and recruits DNA-PKcs. Artemis,
which processes the ends of DNA and makes them compatible for ligation, is also recruited. Finally, the DNA breaks
were joined by XRCC4/Ligase IV. In HR, a homologous stretch on a sister chromatid is utilized to accurately repair the
DSB. DNA ends are first processed in order to create single strand overhangs. RPA is then coated to these overhangs,
which recruits Rad51 and other co-factors such as Rad52. The Rad51 coated DNA filament then invade the undam‐
aged strands, and a joint molecule is formed by the damaged and undamaged strands. Finally, template guides DNA
synthesis and resolution of the two strands. A-EJ shares the initial resection step with HR but it requires neither ex‐
tended resection nor extended sequence homology. DNA ends that are not bound by Ku70/80 are degraded. Single
strand DNA resection reveals 2-4 (indicated by ATCG in the figure) or more nucleotides which can anneal, creating
branched intermediate structures. The resolution of this intermediate structure results in deletions at the repair junc‐
tions. A-EJ is independent of Ku70/80 but dependent on Ligase III to join the DNA ends.
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6. Conclusions
Since discovery of the function of γH2AX in DDR, dynamic regulation of chromatin in
response to DNA damage has received great attention during these past decades. In this
chapter, we have discussed the contribution of three posttranslational modifications: phos‐
phorylation, PPAR and sumoylation in DDR. We also discussed the current understanding
about heterochromatin changes during DDR and how it regulates human aging. We emphasize
the function of heterochromatin in DDR because this condensed chromatin structure is
particularly involved in human aging. Emerging evidence suggests that heterochromatin is
not refractory to DNA damage, but utilize a different downstream mechanism to repair the
damaged sites and thus prevent unwanted genome recombination. DNA damage may change
the heterochromatin structure by abnormal generation of non-coding RNA at the damaged
locus, which could titrate the RNA-binding heterochromatin proteins (such as Hp1) and lead
to subsequent abnormal heterochromatin structure. The integrity of the transcriptome can also
be affected by DNA damage and regulate human aging. We speculate that the pathways
regarding DNA damage repair in heterochromatin and the interplay between heterochromatic
sequence transcription and human aging will be a hot area for future research (Figure 3).
Figure 2. A. Schematic diagram shows DNA damage response in heterochromatin. Initial DSB recognition is very rapid
in heterochromatin. Rapid phosphorylation and relocalization of H2Ax S139 and other DSB proteins (such as ATRIP)
occur in heterochromatic region. Rad51 recombinase recruitment is inhibited in Hp1-rich heterochromatin, which al‐
lows DSB processing to induce heterochromatin expansion and DSB repaired in euchromatic site. In this way, unwant‐
ed homologous recombination is prevented in heterochromatin. B. A potential model for DNA damage response in
heterochromatin. A typical heterochromatic domain is indicated by the enrichment of Hp1 protein (step 1). Under
DNA damage, double strand breaks occur, which might result in production of site-specific small RNA with sequence
of the damaged site (step 2). Hp1 might bind to the DNA damage-induced small RNA, which leads to its relocalization
and consequent dynamic movement of the heterochromatic domain during DNA damage. Binding of Hp1 to the
small RNA might also facilitate recruiting of other DDR proteins to the damaged heterochromatic sequences, and thus
promoting damage repair. Notably, it still needs to be determined whether the damage-induced RNA is generated in
heterochromatin (step [2]). If this is the case, the role of this RNA in the dynamic movement of heterochromatin dur‐
ing DNA damage also awaits investigation (step 3).
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Figure 3. Interplay between DNA damage, chromatin remodeling and human aging. It is well recognized that DNA
damage leads to chromatin remodeling. On the other hand, abnormal chromatin structures also contribute to DNA
damage and correlate with human aging. Emerging evidence shed light on the DNA damage-induced global tran‐
scription regulation and also locus-specific production of small RNAs. It would be interesting to know through which
mechanism the DNA damage-induced RNA regulates DNA damage response, and whether it affects the chromatin,
especially, heterochromatin structures, and hence modulate human aging.
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